Abstract. X-ray phase contrast computed tomography (CT) uses the phase shift that x-rays undergo when passing through matter, rather than their attenuation, as the imaging signal and may provide better image quality in soft-tissue and biomedical materials with low atomic number. Here a geometry-constraint-scan imaging technique for in-line phase contrast micro-CT is reported. It consists of two circular-trajectory scans with x-ray detector at different positions, the phase projection extraction method with the Fresnel free-propagation theory and the filter back-projection reconstruction algorithm. This method removes the contact-detector scan and the pure phase object assumption in classical in-line phase contrast Micro-CT. Consequently it relaxes the experimental conditions and improves the image contrast. This work comprises a numerical study of this technique and its experimental verification using a biomedical composite dataset measured at an x-ray tube source Micro-CT setup. The numerical and experimental results demonstrate the validity of the presented method. It will be of interest for a wide range of in-line phase contrast Micro-CT applications in biology and medicine.
Introduction
X-ray computed tomography (CT) enables the non-destructive visualization of the internal structure of objects [1] [2] [3] [4] [5] and is a powerful analysis tool in biology and medicine [6] [7] [8] [9] . In particular, for medical diagnostic applications, x-ray CT has become an invaluable tool during the last 30 years. However, the conventional x-ray CT uses the intensity attenuation that x-rays undergo when passing through matter as the imaging signal and provides poor contrast and spatial resolution for weakly absorbing materials and structures with low atomic number. For example, since the absorption coefficients of soft tissue are very close to those of water, it is very difficult to distinguish internal features in the soft materials [6] .
In order to produce better contrast of weakly absorbing materials and structures, x-ray phase contrast CT (PC-CT) has been explored over the last years. The phase shift cross section is three orders of magnitude larger than the absorbing cross section for biomedical materials with low atomic number, which is an indication that PC-CT provides much better contrast resolution in soft tissue and low atomic samples than attenuation-contrast CT [3, 10, 11] . Several experimental case studies reported in the literature have demonstrated the validity of x-ray PC-CT techniques. There currently exist four kinds of PC-CT methods [1, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , which are based on the crystal interferometer, the analyzer, the grating interferometer and the free-propagation theory respectively [30] . The propagation-based PC-CT, also called in-line PC-CT, is in many senses the simplest kind of phase contrast imaging, as no optical elements are required in the beam and the constraint on the spectral width is relaxed [12, 14, 23, 28] . It has a promising future on engineering applications.
In-line phase contrast micro-CT has been developed to get a spatial resolution in the micrometer range and has become a useful tool in the field of biomedical imaging [6, 12, 28, [31] [32] [33] . Phase projection scanning and extraction methods play a key role in these systems. Currently there are two kinds of phase projection scanning and extraction methods [31, [34] [35] [36] [37] [38] . The first one needs two circular-trajectory scans [31, 34, 35, 38] , one of which must be a contact-detector scan. It is sometimes impossible due to the constraint from the experimental system and the samples. The second one deletes the contactdetector scan but assumes that the specimen has no intensity attenuation to x-ray and is a pure phase object [6, 31, [36] [37] [38] . Obviously in practice this assumption will degrade the imaging results.
Here a new in-line phase contrast Micro-CT imaging technique is reported for soft-tissue and biomedical materials with low atomic number. With two circular-trajectory scans at different positions, the new method mitigates the necessity of contact-detector scan and pure phase object assumption. The experimental results demonstrate the efficiency of the new technique in terms of improving image contrast under relaxed experimental conditions.
Methods and materials
A three-dimensional object can be described by a complex refractive index distribution n(x, y, z) = 1−δ(x, y, z)+iβ(x, y, z), where x, y and z describe the coordinate system of the sample. In in-line phase contrast Micro-CT, one measures the projection images of the real part δ by evaluating the interference fringes arising in the free space propagation in the Fresnel regime and then reconstructs δ from the measured projection images.
Geometry-constraint-scan mode
The proposed geometry-constraint-scan mode is depicted in Figure 1 . It is similar to the conventional Micro-CT circular trajectory scanning method. The difference is that this technique will execute two scans with x-ray detector at two positions p 1 and p 2 . At each scan, the specimen is illuminated by an x-ray source with a spot size in a micrometer range. X-ray detector acquires high-resolution projection images. The specimen is rotated over 360 degrees in a number of discrete steps, often several hundred, depending on the spatial resolution needed. At each angular position, the projection image is captured and stored by computer.
Phase projection extraction method
According to the Fresnel free propagation theory and the Taylor expansion, the intensity projection at the detector position p 1 in the case depicted in Figure 1 can be approximately expressed by Where θ represents the rotation angle, r 0 and r 1 are the distance between the x-ray source and the specimen and the distance between the specimen and the detector respectively as shown in Figure 1 , λ the x-ray wavelength, M 1 geometrical magnification factor, t(x, y) the specimen function, ∇ 2 the Laplacian transform operator, φ θ (x, y) the phase projection and I r 1 θ the detected intensity. Similarly, the intensity projection at the detector position p 2 can be expressed by
Where r 2 is the distance between specimen and detector and M 2 is the geometrical magnification factor. Eqs. (1) and (2) illustrate the linear relationship between the detected intensity projection images and the Laplacian of the phase projection. They are the projection imaging models of geometry-constraintscan in-line phase contrast Micro-CT. Based on Eqs. (1) and (2), a phase projection variant can be defined and expressed by
Where g θ (x, y) represents the Laplacian projection at the angular position θ. After taking twodimensional Fourier transform to Eq.(3), Eq.(4) can be obtained as
Where F represents the Fourier transform and u and v the frequency variants. Eq. (4) shows that the phase projection can be retrieved by two-dimensional filter operation to the intensity images recorded by the detector at two positions.
Image reconstruction algorithm
Since the phase projection can be extracted with Eqs. (3) and (4), the following tomographic algorithm can be used to reconstruct the phase distribution of the specimen function for the case depicted in Figure  1 f
Where F DK() represents the popular FDK algorithm [39] adopted in x-ray cone-beam CT and F −1 the inverse Fourier transform. The reconstruction procedure of the algorithm in Eq. (5) is described as follows. Firstly the phase projection variant g θ (x, y) is calculated out by inputting the detected intensity images I r 1 θ , I r 2 θ and the imaging parameters into Eq.(3). Then the phase projection is retrieved by filtering g θ (x, y) using the filter 1/(u 2 + v 2 ). Finally FDK algorithm is applied to the retrieved phase projection to reconstruct the CT slices.
Simulations
Numerical simulations are presented in this section to demonstrate the proposed method. Reconstructions are performed for a 3D sphere phantom consisting of three spheres. The diameters are set to be 0.95 cm, 0.3cm and 0.3 cm respectively. The phase indexes are 1 × 10 −10 , 2 × 10 −10 and 0 respectively.
The simulation parameters are listed here. The photon energy is 50 Kev and the size of detector 2 cm. The angular increment is 2 • and 180 rotation steps are adopted in 360 • . The distances r 0 , r 1 and r 2 are set to be 250 mm, 125 mm and 250 mm, respectively. 
Experiment
The conclusions drawn from the numerical studies were verified experimentally by testing the scanning mode and the reconstruction algorithm with measured dataset. The specimen used for this test is a biomedical composite. The experimental dataset was recorded using a cone beam phase contrast Micro-CT system with an x-ray tube source. The source size is 1 μm. The adopted x-ray detector consists of 2304 × 2284 channels with a channel size 50 μm. The experiment was performed at room temperature using the photon energies 80 Kev and the tube current 240 mA. The rotation angular increment is 0.375 • and 960 projections were recorded at each scanning.
The distances r 0 , r 1 and r 2 are set to be 71 mm, 429mm and 929 mm respectively. Figure 3 displays the experimental results. Figures 3(a) and (b) are two typical projection images recorded by detector at 
Discussion and conclusion
In this paper, a geometry-constraint-scanning imaging technique for in-line phase contrast cone beam Micro-CT is proposed and verified by numerical simulation and experiments. It consists of a scanning mode with geometrical constraints, a phase projection extraction method and the reconstruction algorithm. The scanning mode with geometrical constraints takes into account the absorbing effect of samples and makes a decisive contribution to the performance of this technique. It removes the pure phase object assumption of the conventional imaging method and is suitable for the sample with non-ignored absorption. We envisage that, particularly for biomedical imaging applications, where Micro-CT has been proven to be a useful method, this method will provide a possible resolution for some imaging requirements and push the future applications in biology and medicine.
